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1. Introduction
Solid-state magnetic refrigeration near room temperature is a rel-
atively new and expanding field of material science[1–5] and engi-
neering.[6–8] Worldwide, there are many prototype devices utilizing 
the magnetocaloric effect in order to demonstrate a thermal span 
and a cooling power.[9,10] However, there is still no mass-market 
product available for sale.[8] This is because, prior to any com-
mercialization of magnetic refrigeration, a number of challenges 
The phase-down scenario of conventional refrigerants used in gas–vapor 
compressors and the demand for environmentally friendly and efficient 
cooling make the search for alternative technologies more important than 
ever. Magnetic refrigeration utilizing the magnetocaloric effect of magnetic 
materials could be that alternative. However, there are still several challenges 
to be overcome before having devices that are competitive with those based on 
the conventional gas–vapor technology. In this paper a rigorous assessment 
of the most relevant examples of 14 different magnetocaloric material families 
is presented and those are compared in terms of their adiabatic temperature 
and isothermal entropy change under cycling in magnetic-field changes of 1 
and 2 T, criticality aspects, and the amount of heat that they can transfer per 
cycle. The work is based on magnetic, direct thermometric, and calorimetric 
measurements made under similar conditions and in the same devices. Such a 
wide-ranging study has not been carried out before. This data sets the basis for 
more advanced modeling and machine learning approaches in the near future.
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need to be met. The conventional gas-com-
pression technology for domestic cooling 
has been available for about 100 years and 
approximately one billion such refrigera-
tors are in use today.[11] In order to compete 
successfully with conventional refrigeration 
technology, magnetic refrigeration must be 
more energy efficient, less costly, environ-
mentally friendly, comparable in weight 
and volume, and less noisy.
Figure 1 illustrates schematically the dif-
ferent requirements necessary to develop 
magnetic cooling, from the fundamental 
science to the application. First of all, the 
reversible adiabatic temperature change 
ΔTad should be as large as possible in small 
magnetic-field changes because the ΔTad is 
directly related to the temperature span of 
the working device.[12] Equally important is 
the reversible isothermal entropy change 
ΔsT, which defines how much heat can be 
transferred in one cooling cycle.[13] In addition to these primary 
magnetocaloric properties, there are also secondary quantities 
that have to be taken into consideration. The isothermal entropy 
and the adiabatic temperature change are related via the heat 





Δ ≈ − ΔT s
c
. This means that a material with a 
low heat capacity has the potential to result in larger temperature 
changes. The benchmark magnetocaloric material, gado-
linium, has a rather low cp and therefore a large temperature 
change is obtained even though ΔsT is only moderate. Instead 
of pure metals, alloys and intermetallic compounds consist 
of 2, 3, or even more atomic species, which means that there 
are more degrees of freedom in the phononic system and the 
heat capacity of the lattice is increased. This is one reason 
why it is difficult for the more complex materials to reach 
similar temperature changes like those observed for the pure 
element gadolinium.
Since the magnetic field source is the most expensive part 
of any magnetocaloric cooling device, the volume in which the 
magnetic field is applied should be used as efficiently as pos-
sible.[14] For this reason, the volumetric entropy change is more 
relevant for applications than the specific entropy change, with 
both parameters being linked by the density ρ. This is an issue, 
especially for alloys produced by a solid-state reaction that con-
tain some residual porosity.[15]
For a magnetic refrigerator, an operating frequency of 
several Hz is desirable,[9] which results in certain requirements 
© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
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regarding the chosen magnetocaloric material. First of all, the 
transformations taking place in the magnetocaloric material 
have to be fast enough to follow the magnetic field, which turns 
out not to be a problem for most compounds.[16,17] Much more 
of a problem is the heat exchange between the magnetocaloric 
material and the fluid, which means the thermal conductivity λ 
of the material should be maximized.[18] However, the surface 
area and its characteristics are also important. Most simple heat 
exchangers are made of loose powder, providing good filling fac-
tors and a simple transfer of heat to the fluid.[19] On the other 
hand, with decreasing powder size the pressure drop and there-
fore the losses increase.[20] Another promising approach to pro-
vide a good heat exchange without large pressure drops is the 
use of plates or fine-structured magnetocaloric materials with an 
extended surface area.[21] However, this requires that the magne-
tocaloric material is machinable into the desired shape without 
any reduction in performance.[22] The rapidly developing field of 
additive manufacturing could be the route to producing complex 
heat-exchanger structures with an efficient exchange of heat.[23,24]
Finally, the magnetocaloric alloy should contain no harmful 
or critical elements, in order to possess a low environmental 
footprint.[12] At the same time, the material must be capable of 
operating for millions of cycles without any fatigue.[25] And since 
the refrigerant is in permanent contact with the heat-exchange 
fluid, long-term corrosion resistance must be guaranteed too.[26]
All these different aspects determine the thermal span, the 
cooling power and, therefore, the efficiency of the magnetic 
cooling device. But in fact, there is a huge gap between the 
fundamental material science and the realizable applications. 
For instance, the thermodynamic conditions in a magnetoca-
loric refrigerator are never ideally adiabatic or isothermal, but 
something in between. Moreover, the standard characterization 
of ΔTad and ΔsT typically involves bulk samples.[16,27,28] On the 
other hand, a magnetocaloric heat exchanger requires mate-
rials in the form of loose powder or fine structures in the sub-
millimeter range.[10,29,30] However, it has been shown in the 
literature that the magnetocaloric properties on these different 
length scales do not necessarily coincide.[31,32] In the case of 
hysteretic materials, it also needs to be remembered that often 
the magnetocaloric properties are only provided for the first 
field application and are not always relevant for cycling.[33]
In this study we want to provide a profound material anal-
ysis to make the selection of materials easier and make it pos-
sible to assess the suitability of magnetocaloric materials for a 
particular application. First, we briefly introduce the different 
facets of the magnetocaloric effect by means of three important 
materials. Subsequently, we compare a large number of com-
pounds with the benchmark material, gadolinium, in terms of 
their reversible magnetocaloric performance, criticality aspects, 
and the amount of heat that can be transferred in each cycle. 
All this has often been overlooked in literature.
2. About the Manifestation of the Magnetocaloric 
Effect in Different Types of Materials
This section gives an overview of the two types of transitions 
we can encounter in magnetocaloric materials defined by the 
thermodynamic order of the transformation. We speak about 
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a first-order transition when the order parameter, e.g., mag-
netization in the case of magnetocaloric materials, changes 
discontinuously with the temperature,[34] whereas a continuous 
Adv. Energy Mater. 2019, 9, 1901322
www.advenergymat.dewww.advancedsciencenews.com
1901322 (3 of 13) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
change implies a second-order transition.[35,36] The latter is, 
for instance, the case for a pure magnetic transition between 
a para- and ferromagnetic phase around the Curie temperature 
TC. The perfect material example is the element gadolinium, 
with its TC near room temperature. As shown in Figure 2a, the 
magnetization vanishes continuously at the Curie tempera-
ture, at least in low magnetic fields. The corresponding tem-
perature dependence of the entropy s is plotted in Figure 2b. 
Applying a magnetic field introduces an additional ordering 
of the magnetic moments in the ferromagnetic phase against 
thermal fluctuations, but also a certain induced magnetiza-
tion is observed in the paramagnetic phase as well, leading to a 
smoothing of the curve (see Figure 2a). Due to this increasing 
magnetic order, the entropy is lowered in magnetic fields, 
as can be seen in Figure 2b. Further details on the sample 
preparation and experimental techniques can be found in the 
Supporting Information.
The response of a material when it is being magnetized 
depends on the thermodynamic conditions under which the 
magnetic field is applied. At a constant temperature, a decrease 
in the entropy is observed and we speak about the isothermal 
entropy change ΔsT. Under these conditions, the state of the 
sample moves along a vertical path in the s(T) diagram, indi-
cated by a vertical arrow in Figure 2b. However, under adi-
abatic conditions the entropy is kept constant and therefore 
the system follows a horizontal path by increasing the sample’s 
temperature (horizontal arrow in Figure 2b). The corresponding 
adiabatic temperature ΔTad and isothermal entropy change ΔsT 
values are plotted as a function of the starting temperature for 
magnetic field changes of 1 and 2 T in Figure 2c. In applied 
field below 10 T, the maximum magnetocaloric effect is always 
observed at the Curie temperature. However, in high fields it 
has been shown that the position of the maximum is shifting 
toward higher temperatures.[37]
Adv. Energy Mater. 2019, 9, 1901322
Figure 1. Illustration of the different challenges for magnetic refrigeration with respect to applications. This roadmap is directly transferable to the 
other caloric effects as well.
Figure 2. Magnetic and magnetocaloric properties of gadolinium. a) Magnetization measurements in 0.1, 1, and 2 T. In low fields the magnetization 
vanishes at the Curie temperature TC. b) Total entropy related to a reference entropy s0 as a function of temperature in 0 and 2 T. The vertical arrow 
indicates the respective ΔsT and the horizontal arrow, the ΔTad when applying a magnetic field of 2 T. c) The corresponding values of the magnetocaloric 
effect are plotted as a function of temperature.
www.advenergymat.dewww.advancedsciencenews.com
1901322 (4 of 13) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Materials with a first-order transition have, by definition, a 
discontinuity in their entropy. A further classification can be 
undertaken by considering how the material reacts on mag-
netic field application. Historically, the warming of a material 
in a magnetic field is declared to be the conventional magne-
tocaloric effect (MCE). On the other hand, a decrease in tem-
perature is observed when a so-called inverse magnetocaloric 
material is magnetized.[38] It is worth noting that despite the 
different facets, the physics behind is the same.
An important example of such a transformation for the con-
ventional type are the 1:13-based alloys La(Fe,Si)13.[13] Figure 3 
shows the case for La(Fe,Si,Mn)13Hx. The binary material 
Fe0.51Rh0.49 undergoes a transition with an inverse effect[39,40] 
instead, which is summarized in Figure 4 (see the Supporting 
Information for further information). Such a first-order tran-
sition is denoted either as a magnetostructural or magne-
toelastic transformation. In the first case, the magnetization 
change is linked to a structural conversion between two phases 
with different magnetizations[41] whereas a change in the lat-
tice parameters is caused in the magnetoelastic case.[42] As a 
consequence, typically, an abrupt change in magnetization is 
observed, as clearly shown in the Figures 3a and 4a. However, 
it is worth noting that the characteristics of materials in real 
experiments are not generally as distinct as in the ideal case.
The application of a magnetic field has a quite different 
effect on a first-order magnetostructural transition in com-
parison to the purely magnetic second-order type. It is found 
that the transition temperature shifts to higher (conventional) 
or lower (inverse) temperatures, since the magnetic field stabi-
lizes the phase with the higher magnetization. For this reason, 
a conventional first-order material like La–Fe–Si increases its 
transition temperature under the influence of a magnetic field, 
whereas a lowering of the transition temperature is observed 
in an inverse magnetocaloric material like Fe–Rh. The corre-
sponding entropy–temperature diagrams are plotted for heating 
and cooling in magnetic fields of 0 and 2 T as solid and dashed 
Adv. Energy Mater. 2019, 9, 1901322
Figure 4. Magnetic and magnetocaloric properties of Fe–Rh. a) Magnetization measurements in 0.2, 1, and 2 T. At the transition temperature Tt, the 
magnetization increases jump-like. b) Total entropy related to a reference entropy s0 as a function of temperature under heating and cooling in 0 and 
2 T. The vertical arrow indicates the respective ΔsT and the horizontal arrow, the ΔTad when applying a magnetic field of 2 T. c) The corresponding values 
of the magnetocaloric effect are plotted as a function of temperature.
Figure 3. Magnetic and magnetocaloric properties of La(Fe,Si,Mn)13Hx. a) Magnetization measurements in 0.2, 1, and 2 T. At the transition tempera-
ture Tt, the magnetization drops. b) Total entropy related to a reference entropy s0 as a function of temperature under heating and cooling in 0 and 2 T. 
The vertical arrow indicates the respective ΔsT and the horizontal arrow, the ΔTad when applying a magnetic field of 2 T. c) The corresponding values 
of the magnetocaloric effect are plotted as a function of temperature.
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lines in Figures 3b and 4b, respectively. The shift of the transi-
tion temperature is also apparent in those plots, whereby the 
s(T) diagram takes the shape of a parallelogram.
In fact, the manifestation of the structural change—being 
the underlying cause of the magnetocaloric effect—can be very 
different, depending on the material. Compounds like Heu-
sler alloys typically transform between a cubic austenite and a 
tetragonal or orthorhombic martensite phase, with a discrete 
volume and aspect-ratio change of the unit cell.[43] Other mate-
rials, like the presented La–Fe–Si system, transform between 
two cubic phases, having a significantly different unit-cell 
volume, accounting for about 1%.[44] We could also speak of 
an isostructural phase transition in this case as well. The same 
applies basically to Fe2P-type compounds, transforming from 
one hexagonal phase to another.[45] In this particular material 
family, the lattice parameters change in opposite directions, 
with the consequence that there might be no overall volume 
change, even though the lattice mismatch is substantial.
All these first-order materials have in common that they 
transform in avalanches via a nucleation-and-growth process. 
This discontinuous type of transition always causes a certain 
hysteresis, and for this reason the heating and cooling curves 
of the total entropy and the magnetization in Figures 3 and 4 
do not coincide. The occurrence of thermal hysteresis has dra-
matic consequences for the magnetocaloric properties, because 
the magnetostructural transition is not completely reversed 
after the application of a magnetic field, which decreases the 
reversible magnetocaloric effect. A fully reversible transforma-
tion and magnetocaloric effect can only be observed within the 
highlighted area. The plots in Figures 3c and 4c illustrate the 
reversible adiabatic temperature change ΔTad and the isothermal 
entropy changes ΔsT under cycling in magnetic fields of 1 and 
2 T. The corresponding paths during the thermodynamic pro-
cesses are illustrated in the s(T) diagrams as horizontal and ver-
tical arrows, as for gadolinium in Figure 2.
The shapes of the ΔTad and ΔsT curves of the two first-order 
materials shown in Figures 3c and 4c are fundamentally dif-
ferent to the behavior observed for gadolinium in Figure 2c. 
The magnetocaloric effect of the second-order material 
Gd always reaches its maximum at the Curie temperature 









is the largest at this point. For a first-order transition, the 
position of the maxima in ΔTad and ΔsT are changing with an 
increasing magnetic field. However for a first-order transition 
with a conventional magnetocaloric effect, the decay of the left 
flank of the peak always follows the same trend (right flank for 
the inverse magnetocaloric effect), because at low temperatures 
the ferromagnetic phase is already present and an increase 
in the magnetic field cannot induce any further transformation.
When the magnetic field is large enough, the transition 
might be completed and a plateau-like behavior of the magne-
tocaloric effect is observed. The width of this plateau is deter-
mined by the shift of the transition temperature in magnetic 
field and therefore it broadens when higher field are applied.[46] 
However, in fields up to 2 T, the operational window of first-
order materials is rather narrow in comparison to systems 
with a purely magnetic transition. For this reason, stacked heat 
exchangers with many different Tt are required in order to pro-
vide a sufficiently wide temperature window for the machine.[47]
3. Comparison of the Reversible Magnetocaloric 
Properties
In the following, a profound comparison of different magne-
tocaloric materials will be made, considering the temperature 
and entropy changes under cyclic conditions. In particular for 
hysteretic materials, special care is required in order to deter-
mine the magnetocaloric properties under cycling in a reason-
able manner.[39,48,49] The measurement setups and protocols are 
described in detail in the Supporting Information.
The Ashby-like plots in Figure 5a,b combine real measure-
ments of the reversible magnetocaloric effect of a large number 
of materials—each circle stands for a single sample. The revers-
ible adiabatic temperature change ΔTad as a function of the indi-
vidual transition temperatures Tt in 2 T in (a) and 1 T in (b) is 
represented by the y axis. The third dimension, i.e., the area 
of the scatters, indicates the corresponding isothermal entropy 
change ΔsT under cycling in the same magnetic field change, 
whereas the scale is shown on the right of Figure 5. Dashed 
curves are introduced as a guide to the eye, connecting the 
different data points of the same material family, providing a 
pathway for the tunability range of the system.
From the scatter diagram it is apparent how strongly the 
magnetocaloric effect is dependent on the transition tempera-
ture. For instance, in the system La(Fe,Si,Co)13, ΔTad and ΔsT 
are more than halved when the transition is shifted from below 
200 K to room temperature by a compositional variation.[50] 
This is a critical issue for a magnetic refrigerator with stacks of 
different materials to facilitate wide temperature spans. Thus, 
for future applications it is probably more favorable to combine 
different material families working at selected temperature 
ranges, and giving their best performance, rather than focusing 
on a single material family. A comprehensive table of all the 
important properties of the magnetocaloric materials can be 
found in Table 1.
Around room temperature, there are several material fami-
lies showing reasonable magnetocaloric effects in 2 T. For 
instance, Mn–Fe–P–Si and La(Fe,Mn,Si)13Hy can compete with 
Gd in terms of ΔTad, but their corresponding ΔsT is several 
times larger due to the first-order nature of the transition. This 
means that these compounds are capable of pumping much 
more heat in a single cooling cycle. Even larger reversible adi-
abatic temperature changes than in Gd can be obtained using 
FeRh or Gd–Si–Ge. One reason for this is that both materials 
show a strong first-order character and therefore the shift of the 
transition temperature—the driving force of the magnetocaloric 
effect—is large. However, this comes at the price of a rather 
large thermal hysteresis. The consequences of this are impres-
sively shown in Figure 5b for a cyclic magnetic field of only 1 T. 
Here, both materials fall behind most other compounds and 
have little more than 1.2 K of reversible temperature change. 
The influence of the thermal hysteresis on the magnetocaloric 
properties under cycling becomes even more apparent for the 
example of Ni–Mn–In–(Co) Heusler alloys. While a modest 
reversible ΔTad is possible in a magnetic field change of 2 T, the 
cyclability disappears almost completely if only 1 T is available.
From our study it is clear that near room temperature and 
in a magnetic field change of 1 T, gadolinium is the best mate-
rial in terms of the reversible ΔTad. The family La(Fe,Mn,Si)13Hy 
Adv. Energy Mater. 2019, 9, 1901322
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comes second, with a smaller reversible magnetocaloric 
effect compared to Gd, but still the entropy change is several 
times larger.
4. Criticality of Materials
Gadolinium and Gd-based systems are widely used in demon-
strators.[10,51] Even though the demand for gadolinium metal 
is at the moment lower than its current availability, this situa-
tion will reverse as soon as the need for this element increases, 
since the raw material deposits are limited.[52] Despite its 
outstanding magnetocaloric properties, Gd is not an option for 
the widespread use of magnetic refrigeration, since it is simply 
too critical and expensive.
For this reason we also want to consider sustainability 
aspects in order to allow a reasonable assessment of the suit-
ability of potential systems. Therefore, the spots in Figure 5 are 
colored like a traffic-light scheme, from green for not critical 
to red for critical materials. The criticality assessment of the 
compounds shown in Figure 5 is based on a model taking into 
account the geological availability, geopolitical situation, recy-
clability, and sustainability.[53] The elements we consider in 
terms of their criticality are: As, Co, Fe, Gd, Ge, In, La, Mn, Ni, 
P, Rh, Si, according to the list of critical materials named by the 
European Commission.[54]
Whereas the elements Mn, Ni and Si hold no risk, Co, Ge, 
In, P, and Rh are highly critical because of their high supply 
risk and technological importance.[55] The light rare earths 
such as La are considered as by-products when mining for 
heavy-rare-earth elements and are therefore less problematic.[56] 
Instead, the large-scale use of the heavy rare earth Gd in mag-
netocaloric cooling devices is not favorable. Calculations show 
that the demand for this element would be higher than the cur-
rent and future supply.[57] Hence, the use of compounds from 
the classes FeRh and Gd5(Si,Ge)4 are considered to be highly 
critical, since they contain large amounts of the elements Rh, 
Gd, and Ge. The medium-high risk of Ni–Mn–In–(Co) Heusler 
alloys is due to the requirements for In and Co. The complete 
or at least partial substitution of those critical elements is, as 
a result, an important goal. The La(Fe,Si,Co)13 family has a 
medium-low risk because of the use of small amounts of Co. 
However, La(Fe,Si,X)13Hx has a low risk given the fact that La 
is (together with Ce) the least critical light-rare-earth element 
and highly abundant. Fe2P-type materials are considered as 
noncritical, yet the use of toxic arsenic is not favorable in appli-
cations. The criticality of P in these compounds was assessed in 
ref. [57] and due to the small amounts used for magnetocaloric 
Adv. Energy Mater. 2019, 9, 1901322
Figure 5. Ashby-like diagrams of magnetocaloric materials. These plots show both the reversible adiabatic temperature change ΔTad (y axis of the dia-
gram) and the isothermal entropy change ΔsT (illustrated by the area of the spots) in a magnetic field change of a) 2 T and b) 1 T versus the operating 
temperature Tt. The criticality of the respective compounds is represented by the color of the data points. Every data point stands for a single sample.
www.advenergymat.dewww.advancedsciencenews.com
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compounds in relation to the use of P in fertilizer, the future 
demand for solid-state refrigeration is assessed as noncritical.
5. The Reversible Heat as a Figure of Merit
For an honest assessment of the suitability of magnetoca-
loric materials, a reliable performance parameter—a figure of 
merit—is required. One attempt was made in terms of the rela-
tive cooling power RCP.[58,59] Quite contradictory details about 
its determination can be found in the literature.[18] Often, RCP 
is calculated by multiplying the width of the isothermal entropy 
change peak by its FWHM.[60] This kind of estimation raises up 
materials with a flat and broad ΔsT curve; however, it ignores 
many aspects, for instance, that most importantly both the ΔTad 
and ΔsT must be as large as possible in rather low cyclic mag-
netic-field changes.[61] Consequently, the relative cooling power 
is not sufficient, in order to compare the quality of magnetoca-
loric materials and to optimize them.[13]
The evaluation of the COP—the coefficient of performance—
goes in a different direction. The aim is to estimate the ratio 
between the actual cooling power and the work that is required 
for a given thermodynamic cycle COP = P
W
.[51] The cooling 
power consists of the cooling power provided by the material 
minus the losses of the machine P = Pmat − Ploss. The losses, 
however, are specific for every machine and depend on the 
operating conditions. Since Ploss is unknown in most cases, the 
material COP was introduced, which is given by COPmat  =P
W
mat  
ignoring the losses.[62] This can lead to meaningless results, 
especially when the work goes to zero faster than the cooling 
power. When taking this parameter for optimization, it carries 
the risk of highlighting materials that are indeed efficient, but 
that can pump only very little heat.
Recently, Griffith et al. suggested the temperature-averaged 
entropy change TEC as a figure of merit.[63] It considers the 
average value of ΔsT for a certain temperature span. From 
Table 1 it is clear that TEC, for instance, for a span of 3 K and 
a field change of 2 T provides a much more realistic picture 
than RCP. The latter highlights materials with a broad tran-
sition, leading to arbitrary values in the sample series of La–
Fe–Si–Co, whereas TEC(3) shows a monotonic decrease, in 
agreement with the trends for ΔTad and ΔsT. However, caution 
is advised when calculating TEC for unrealistically high tem-
perature spans that are not obtainable with a single material. 
Instead, multiple stages with different transition temperatures 
would be required, which is much more complex to assess.
In this paper we prefer to focus on the transferable heat Qrev, 
which can in principle be utilized in the cyclic operation of a 
machine for a given temperature span. From this parameter it 
is not possible to predict how efficient a magnetocaloric mate-
rial would be in a magnetic cooling device, since this task can 
only be fulfilled on the basis of advanced modeling or even 
better by using the material in a real machine. However, esti-
mating Qrev for defined working conditions makes a reason-
able assessment of the principle applicability of the material 
under consideration possible. We should state that this kind of 
analysis is not a new one; it is a fundamental aspect of thermo-
dynamic cycles and has been discussed in the literature many 
times.[13,51,71]
Figure 6a,b shows the s(T) diagrams of La–Fe–Si–Mn–H and 
Fe–Rh, respectively. The entropy as a function of magnetic field 
and temperature (cooling and heating curves) can be obtained 
experimentally, for instance, by calorimetric methods (see 
the Supporting Information). The area between the heating 
curve in zero field and the cooling curve in a field is the revers-
ible part of the S(T) diagram of a material showing a conven-
tional magnetocaloric effect (highlighted). The reversible region 
of inverse materials such as Fe–Rh is defined by the zero-field 
cooling and the in-field heating curve, respectively. For an arbi-
trary temperature span of 3 K, the corresponding Carnot cycles 
of La–Fe–Si–Mn–H and Fe–Rh for a hot heat-exchanger tem-
perature of 297 and 314 K are plotted in Figure 6a,b as rectan-
gles filled with a line pattern. These rectangles coincide with 
the work involved per cycle. The respective transferable heat 
Qrev is illustrated by the long rectangle with cross hatching. 
Depending on the nature of the magnetocaloric transition, it 
can be calculated by
( , ) ( , )rev h cool 0 c hot 1 coolQ s T H s T H T( )= − ⋅  (1)
for conventional materials and by
( , ) ( , )rev c cool 1 h hot 0 coolQ s T H s T H T( )= − ⋅  (2)
for inverse magnetocaloric materials for a certain temperature 
span defined by Tcool and Thot and magnetic field change ΔH = 
H1 − H0. sh and sc are the total entropy measured under the 
heating and cooling protocol. We want to emphasize that for a 
real magnetocaloric machine, the Carnot cycle is not realistic. 
Other thermodynamic cycles like the Brayton or Ericsson cycles 
are much better descriptions of the actual processes. However, 
when comparing Qrev, the differences are insignificant, being 
below 1 %. For the purpose of a figure of merit, the transfer-
able heat of the Carnot cycle is a reasonable approximation, 
enabling its estimation in a rather simple and elegant way. In 
fact, only two points of the s(T) are required, in contrast to the 
Brayton or Ericsson cycles, where the integration of the entropy 
curves is necessary. The reader is referred to the literature on 
this topic.[51]
For the two samples, Qrev in a magnetic field change of 2 T 
is plotted for temperature spans from 2 to 5 K as a function of 
the hot heat-exchanger temperature Thot in Figure 6c,d. Such a 
representation is quite illustrative, because it directly shows the 
working range of a single-stage magnetocaloric heat exchanger, 
as well as the heat that the material could pump per cycle from 
the cold to the hot side of the machine. For the Fe–Rh sample, 
Qrev builds a plateau, which is due to the special shape of the s(T) 
diagram. Consequently, the height and the width of the plateau 
increase for lower temperature spans. A negative Qrev means 
that a Carnot cooling cycle under the given conditions is not 
possible. For instance, a temperature span of 7 K would exceed 
the maximum adiabatic temperature change ΔTad of this mate-
rial in a field change of 2 T and as a result, Equation (2) would 
always be negative and therefore this process is not feasible.
Special care must be taken when the first-order magnetoca-
loric material has a rather large thermal hysteresis and/or the 
shift of the transition is not sufficient to transform back and 
forth completely.[72] In this case, a minor loop of the hysteresis 
Adv. Energy Mater. 2019, 9, 1901322
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is described and its reversibility area in the s(T, H) diagram can 
deviate significantly from the scenario drawn above for La–Fe–
Si and Fe–Rh. Consequently, the cyclic ΔTad and ΔsT cannot be 
predicted from basic thermodynamic considerations, based 
on isofield experiments alone. Instead, direct measurements 
under magnetic-field sweeping need to be performed.[72]
The calculated figure of merit Qrev is plotted for different 
materials in Figure 7 for Carnot cycles with temperature spans 
of 2 (solid curves) and 3 K (dashed curves) in a magnetic-field 
change of 2 T. This illustration allows us to compare and rate the 
usefulness of the available magnetocaloric materials. The tem-
perature dependence of the specific Qrev is shown in Figure 7a. 
In a magnetocaloric refrigerator, the magnetized volume is the 
limiting factor and not the mass of the magnetocaloric material. 
For this reason, the volumetric Qrev is plotted in Figure 7b too. 
In this picture, Fe–Rh is by far the best magnetocaloric material 
near room temperature. Due to its large density of 9.95 g cm−3, 
it can pump significantly more heat than La–Fe–Si–Mn–H. It 
is also apparent that Fe–Rh can provide a high level effect over 
a wide temperature range, whereas for all the other materials 
shown in Figure 7 the reversible heat drops down rapidly on 
the left- and right-hand sides of the maximum. This is related 
to the shift of the transition temperature and the sharpness of 
the transformation, which are both outstanding for Fe–Rh.
Adv. Energy Mater. 2019, 9, 1901322
Figure 6. s(T) diagram of a) the La–Fe–Si–Mn–H compound and b) Fe–Rh sample. The respective Carnot cycles for a hot and cold heat-exchanger 
temperature Thot and Tcool are illustrated by the green rectangle. The resulting transferable heat Qrev is shown as orange rectangles. c,d) Qrev as a 
function of Thot for different temperature spans. A negative value of Qrev indicates that the corresponding Carnot cycle exceeds the potential of the 
magnetocaloric material.
Figure 7. Comparison of different magnetocaloric materials in terms of their reversible heat that can be extracted in one thermodynamic Carnot cycle 
with a temperature span of 2 K (solid lines) and 3 K (dotted lines). The specific Qrev is plotted in (a) and the volumetric counterpart is shown in (b).
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We could get the impression that gadolinium performs 
poorly in comparison to the other compounds. This is true in 
terms of the amount of heat that can be transferred, due to the 
relatively low isothermal entropy change ΔsT. But in fact the sit-
uation is more complex, since a cooling device that cannot pro-
vide a certain temperature difference between the cooling com-
partment and the surroundings is useless. Pure gadolinium can 
operate over a very broad temperature range, with a moderate 
Qrev and the same holds true for La–Fe–Si–Co. Even though the 
latter has a much smaller ΔTad, because of the shape of the s(T) 
diagram, La–Fe–Si–Co can pump similar amounts of heat to 
Gd. Furthermore, it is evident from Figure 7 that a single batch 
of La–Fe–Si–Mn–H cannot compete, since its working range is 
simply too small. In fact, four or five layers would be required 
to create a similar temperature difference between the hot and 
the cold end of the material compartment. The manufacturing 
and operating of such a stacked heat exchanger is not that 
simple, for obvious reasons, but it definitely has the potential to 
outperform gadolinium.
Several important issues need to be addressed concerning 
the figure of merit. Here, we focused on Carnot cycles with 
temperature spans of 2 and 3 K in 2 T. This limit is already set 
fairly high. We can draw a different diagram, for instance, for 
the pair of 2 K and 1 T that is even harder. Only a few known 
magnetocaloric materials can provide such a large cyclic ΔTad 
in order to work under these conditions. This example shows 
how challenging it is to describe magnetocaloric materials by a 
single value. Strictly speaking, the reversible heat, temperature, 
entropy change, etc. are multidimensional objects. Figure 8 
illustrates Qrev as a function of the hot heat exchanger tempera-
ture and the span for gadolinium, La–Fe–Si–Mn–H and Fe–Rh 
for a magnetic field change of 2 T leading to spark-like struc-
tures. Consequently, a reasonable materials description can 
only succeed when specifying realistic operational conditions.
6. Summary
In this article we were discussing the relevant properties of the 
most promising magnetocaloric materials for solid-state refrig-
eration. In particular, we provide a comprehensive analysis of 
the cyclability of those systems, but also magnetic, calorimetric, 
heat transfer, and criticality aspects need to be considered for 
a thorough comparison. When dealing with first-order types 
of transitions, special care must be taken in order to monitor 
the reversibility in the correct manner. The reversible adiabatic 
temperature change ΔTad and the isothermal entropy changes 
ΔsT in magnetic-field changes of 1 and 2 T around the transi-
tion temperature Tt play the key role since they define the 
operating window and the amount of heat that can be trans-
ferred. The magnetization change ΔM, the hysteresis width 





t  are other factors for first-order transition materials. 
Together with the heat capacity cp, they determine the size of 
the reversible magnetocaloric effect. Those specifications (if 
applicable) are given for the different materials in the Table 1 
as well as the application-related properties of thermal con-
ductivity λ and the density ρ. The latter two are often dis-
regarded. Concerning the reversible adiabatic temperature 
change, La0.7Ca0.3MnO3 and Ni45.7Mn36.6In13.5Co4.2 show almost 
similar effects in a field change of 2 T. Since the manganites 
are oxidic compounds, their thermal conductivity is very poor 
(λ = 1.5 W m−1 K−1) whereas Heusler alloys turn out to be 
among the most thermal conductive magnetocaloric materials 
(λ = 23.5 W m−1 K−1). A magnetocaloric heat exchanger can 
only be efficient when it is capable of absorbing or releasing 
heat from or to the exchange fluid. This issue actually goes 
far beyond the thermal conductivity alone, since it essentially 
depends on the design of the heat exchanger, the surface char-
acteristics, the properties of the fluid and its flow type, to men-
tion just some. As a figure of merit we utilize the transferable 
heat Qrev of a Carnot cycle for given temperature spans and 
magnetic-field changes. With the density ρ it is also possible to 
plot the volumetric Qrev. This parameter allows us to compare 
both the working range and the magnetocaloric strength of dif-
ferent materials. Based on our experimental study, the following 
conclusions can be drawn for the room-temperature range:
• in a field change of 1 T, so far no magnetocaloric material 
operating near room temperature has a larger reversible ΔTad 
than gadolinium;
• La–Fe–Si–Co can provide similar Qrev values to gadolinium 









(a) Gadolinium (b) La-Fe-Si-Mn-H (c) Fe-Rh
Thot [K] Thot [K]
Tspan [K]Tspan [K]
Figure 8. 3D representation of the reversible heat as a function of hot heat exchanger temperature and the temperature span of a) gadolinium, 
b) La–Fe–Si–Mn–H, and c) Fe–Rh for a magnetic field change of 2 T.
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for a 2 K temperature span and a 2 T field change across a 
rather broad operating window;
• Fe–Rh is the best material in terms of the amount of heat that 
can be pumped reversibly per unit volume, but at the same 
time it is among the most critical materials;
• La–Fe–Si–Mn–H and Mn–Fe–P–Si are the most promising 
noncritical alternatives for room-temperature application and 
can outperform Gd in terms of Qrev.
7. Conclusion
Under the prerequisite that high-quality stacks of first-order 
materials with different Tts can be produced, we can conclude 
that the larger the magnetic field change of the refrigerator, 
the better the performance of these alternatives to gadolinium 
becomes and the easier it will be to build an energy-efficient 
and noncritical heat exchanger. However, this leads to an 
impasse since from a technical and economic point of view, a 
conventional AMR machine with a magnetic field source made 
of permanent magnets is limited to a field change of about 
1 T.[73] The use of electromagnets and superconducting sole-
noids can in principle generate larger fields, but we face dif-
ferent issues.[8] In any case, a further improvement of known 
compounds and their hysteresis reduction are indispensable 
unless we find new, noncritical magnetocaloric materials that 
can outperform gadolinium. The evolving field of computa-
tional material science could open this door.
An alternative route for solid-state refrigeration is multica-
loric cooling.[74] This approach relies on multiferroic materials 
that have a susceptibility to more than one external field.[75] 
There are two possibilities to realize such a cooling cycle, either 
by using a single multicaloric material[76] or a composite.[77] 
The direct combination of two stimuli could help to increase 
the caloric response due to the potentially higher field strength. 
However, the coupling mechanisms in multicaloric materials 
are complex and require further investigation.[74] There is also 
the possibility of a multicaloric cycle in which the thermal hys-
teresis of first-order materials can be exploited.[78] Using this 
approach, the quantity of permanent magnets needed can be 
reduced drastically and at the same time the field strength can 
be increased. The development of the first multicaloric dem-
onstrators is still pending. More progress in this field requires 
that the different communities of magneto-, electro- and elasto-
caloric cooling work hand in hand with system engineers.
8. Outlook
We live in a cryogenic age![79] Refrigerators and air conditioning 
systems have become so commonplace that people are hardly 
aware about their existence and consequences. Today, our con-
ventional cooling technology causes already about 8% of global 
CO2 emissions, tendency strongly increasing, more than the 
global aviation, and shipping industry together. The great envi-
ronmental impact and the growing hunger of mankind for arti-
ficial cold in the course of this century makes it inevitable to 
rethink how we are going to deal with our natural resources 
and the climate on this planet. A sustainable change can only 
be achieved on different levels simultaneously. Scientist and 
engineers have to come up with new refrigeration technolo-
gies that are environmentally friendly throughout the entire 
product life cycle, replacing the existing one which is essentially 
unchanged for more than 100 years, but also trade and industry 
must contribute to the reorganization of our social economics. 
Last but not least, every individual has to reconsider the use of 
refrigeration so that all people in the world gain equal access to 
cooling one day.
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